To estimate the number and diversity of beneficial mutations, we experimentally evolved 115 populations of Escherichia coli to 42.2°C for 2000 generations and sequenced one genome from each population. We identified 1331 total mutations, affecting more than 600 different sites. Few mutations were shared among replicates, but a strong pattern of convergence emerged at the level of genes, operons, and functional complexes. Our experiment uncovered a set of primary functional targets of high temperature, but we estimate that many other beneficial mutations could contribute to similar adaptive outcomes. We inferred the pervasive presence of epistasis among beneficial mutations, which shaped adaptive trajectories into at least two distinct pathways involving mutations either in the RNA polymerase complex or the termination factor rho.
B eneficial mutations fuel adaptation, yet little is known about their potential diversity. If identical populations adapted to a fixed environment, would adaptation occur via identical convergent mutations or via numerous alternative pathways? How might such pathways be shaped by interactions among beneficial mutations? Studies have shown that both the rate and effect of beneficial mutations varies during the course of adaptation because of epistatic interactions that modify the amplitude of fitness effects. However, these studies have been either statistical, without knowledge of affected sites and functions (1), or based on interactions between only a handful of beneficial mutations (2) (3) (4) (5) .
The potential number and diversity of beneficial mutations can be assessed experimentally under tight control and replication, but assessment requires a large number of replicates for statistical power; complete genome sequencing, so that mutations are identified unambiguously; and a complex biological system, to ensure that the number of potential adaptive solutions is not trivial. Thus far, no studies have fulfilled all three criteria. Experimental evolution of Drosophila, yeast, and Escherichia coli has been particularly limited by the level of replication. The most prominent long-term studies consist of only 5 (6) and 12 (7) lines per treatment, and only a subset of lines has been sequenced (8, 9) .
We coupled whole-genome sequencing with 115 replicate populations to characterize the genetic response of E. coli to high temperature (42.2°C). Temperature is a complex environmental variable because it governs the rates of biological reactions that underlie activities such as respiration, growth, and reproduction. Adaptation to temperature is also pertinent for understanding the biological consequences of ongoing global climate change. Finally, previous experiments have documented a rapid adaptive response of E. coli to high temperature (10) , with hints that the genetic response may be diverse (11, 12) . However, these studies lacked sufficient replication or genetic characterization to assess fully the diversity of genetic changes underlying adaptation.
We serially propagated more than 100 E. coli asexual lines for 2000 generations in Davis minimal medium, supplemented with 25 mg/l glucose, at a constant temperature of 42.2°C. These lines originated from a common E. coli B REL1206 ancestral clone that had been adapted to the same medium for 2000 generations at 37°C (7). Selection was strong, because the temperature was the maximum for population persistence in the experimental environment. The duration of the experiment was chosen to encompass most of the expected fitness gain (13), but adaptation was likely not complete. At the end of the experiment, a single clone of each population was sequenced and analyzed for relative fitness and yield at 42.2°C (table S1). Fitness was estimated by competition with the ancestor (14) and increased markedly in all lines to a mean of 1.42 (T0.024 95% confidence level). Yield, a measure of absolute fitness, was on average 1.94-fold that of the ancestor (paired t test, P < 0.001).
To investigate the genetic changes underlying adaptation, we sequenced all 115 clones to an average of 90× coverage, for a total data set of 50 gigabase pairs (Gbp) (14) . We developed a computational pipeline to identify all de novo mutations relative to the E. coli B reference genome (14, 15) . On the basis of both phenotypic and genotypic analysis, one of the lines had an increased mutation rate, because of a nonfunctional mutL gene. This line had higher fitness but many more mutations (73) than the other lines and was excluded from additional analyses. For the remaining 114 lines, we detected a total of 1258 molecular changes ( Fig. 1) , with an average of 11.0 events per clone: 6.9 point mutations, 2.3 short insertions and deletions, 1.0 large deletions (>30 bp), 0.6 insertional sequence (IS) element integrations, and 0.2 large duplications. There was no detectable correlation with a clone's fitness and its number of mutations (r = -0.11; P = 0.63), but the point mutations emitted a strong signal of adaptive evolution. Over 114 genomes, the ratio of nonsynonymous to synonymous mutations per site was 5.75, as was the ratio of intergenic to synonymous mutations. We thus estimate that~80% of intergenic and nonsynonymous mutations were beneficial (14) .
Convergent mutations provide additional evidence of adaptive events (16) , but convergence varied by mutational type. Among point mutations, none of the 36 synonymous and 157 of the 634 nonsynonymous mutations were shared among two or more lines, but some were shared extensively. Eighteen lines contained a nonsynonymous mutation in codon 966 of the RNA polymerase (RNApol) b subunit (rpoB), and 17 lines contained a nonsynonymous mutation in codon 15 of the rho gene.
In contrast to point mutations, 69% (82 of 119) of large (>30-bp) deletions were identical between at least two lines. Of these deletions, 43% had end points overlapping IS elements, consistent with deletion mediated by homologous recombination between elements. These results demonstrate that IS elements can be the basis for adaptive mutation events (17) , even if the insertions themselves are selectively neutral or even deleterious. Duplications, indels, and IS element integrations were shared among lines at proportions intermediate to those of point mutations and large deletions (Fig. 1, C and D) .
Previous E. coli studies suggested that the gene level is more appropriate to assess convergence (18) . In some cases, this was obviously true. For example, the gene ybaL, a predicted potassium promoter, was mutated in 65 lines because of 38 nonsynonymous mutations, 6 in-frame indels, 17 frameshift mutations, 3 large deletions, and one IS integration. The targeting of 65 different mutations to one gene is highly nonrandom (P < 10 −100 ). ybaL inactivation may be advantageous in our experimental setting (14) and also occurred in an independent high-temperature study (12) . Overall, convergence is much higher among genes than among sites: On average, two strains shared 2.6% of mutations (excluding synonymous mutations) but shared 20.2% of modified genes and 24.5% of affected operons ( Fig. 2A) .
Selection may ultimately target multigenic functional groups, such as protein complexes. Focusing on genes with >5 mutations, we clustered them into 10 functional units containing 35.7% of the mutations (14) ( Table 1 and table S2 ). Among these, the RNApol complex was an obvious target, with 205 mutations and the most-mutated gene (rpoB). The other functional units accrued mutations more frequently than expected ( Table 1) including proteins that regulate the rpoS stress response (RSS), which had been identified previously as a target of selection under high temperature (11) . At this functional level, two lines shared an average of 31.5% of affected units (Fig. 2A) .
The difference in convergence between point mutations (2.6%) and functional units (31.5%) suggests that we have not explored the diversity of possible adaptive mutations. To illustrate this result qualitatively, we plotted the number of different beneficial mutations at various levels (i.e., mutation, gene, operon, or functional unit) as a function of the number of sequenced lines (14) . This exercise indicates that we are far from detecting all possible beneficial mutations (Fig.  2B) . However, the discovery of affected genes, operons, and functional units was nearly saturated, which suggested that fewer replicates may have recovered the major targets of selection.
To (19) . Assuming that beneficial mutations are sampled from a set of L mutations, all with an equal mutation rate (m) and selective coefficient (s), we fit the model to the saturation curves in Fig. 2B (14) . For genes with >3 point mutations, we estimate that L = 850 possible sites of beneficial mutations are required to yield our 400 observed point mutations (Fig. 2C) . L = 850 is a minimum, because our approach assumes no variance in m and s among sites. With the addition of variance (20) , the estimated number of sites increases, potentially reaching several thousand sites (Fig. 2C) . We conclude that a large number of potentially beneficial sites are clustered within a few operational units. This was expected for the case of gene inactivation, for which different mutations lead to the same phenotype, but the diversity of possible solutions in essential functions, like RNApol, is more surprising (table S2) . Do interactions among beneficial mutations shape the adaptive trajectory? By examining all combinations of a small number of beneficial mutations, recent studies have demonstrated negative epistasis between beneficial mutations in different genes (3-5) and sign epistasis-in which a 
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on January 27, 2012 www.sciencemag.org mutation becomes either deleterious or beneficial depending on the genetic background-within a gene (2) . We examined epistasis statistically using a resampling procedure (14) and also measured associations among mutations using D′ (21) and the correlation coefficient (r). We focused analyses on operational units with >25 mutations to have reasonable statistical power (Table 1) .
Our data contain striking signals of associations. Within units, strains harbored dramatically fewer multiple hits than expected (P < 1e -23 within genes and P < 1e -14 within functional units); for example, ICLR, CLS, rho, rpoD, KPS, YBAL, and GLP (defined in Table 1 ) never had >1 mutation within a single line (Fig. 3A) . This pattern is explained by negative epistasis, for which the fixation of a single beneficial mutation transforms tens to hundreds of potentially adaptive mutations to be either neutral or deleterious (3). The cause is clear for gene inactivation: Once a gene like ybaL is inactivated, little fitness benefit can be achieved by further mutations. However, we observed similar patterns for genes that retained function. For example, none of the six ROD genes were inactivated, but no genome harbored more than one mutation in this gene set (P < 1e
), even though ROD was a repeated target of mutation ( Table 1) .
The exception was RNApol, which accumulated >1 mutation within a single line (Fig. 3A) . In fact, rpoB differed from all other genes in having two or more mutations in a single genome, occurring in 11 lines. Because the rpoBC operon is pleiotropic (22) , the occurrence of multiple mutations is compatible with selection for compensatory mutations or for multiple phenotypes. Although a different set of mutations in RNApol were recovered after adaptation to 37°C in slightly different conditions (22) , none were observed over >20,000 generations in the population from which our ancestor was derived (8) , which suggested that our RNApol mutations are temperaturespecific adaptations.
We also detected epistasis between units, including negative associations. For example, all 114 lines had at least one mutation in the rpoBC operon or one mutation in rho but these tended to be in repulsion (Fisher's exact test: P < 3e -6
; Fig. 3B ). In fact, the two codons with the most mutations in the data set (17 ). Similarly, a previous thermal adaptation experiment detected an early mutation in rho without ensuing rpoBC mutations (12) . Other associations between units were consistent with positive epistasis. For example, mutations in rpoD (Fisher's exact test: P < 1e -4 ), ILV (P < 0.0004), KPS (P < 0.0001), and RSS (P < 0.002) occurred only in an rpoBC mutant background, which suggested that the sign or amplitude of effects depends on the rpoBC background.
The overall pattern of associations suggests at least two competing evolutionary trajectories (Fig. 3B) . In the first, mutations in rpoBC are in positive epistasis with changes in rpoD, ILV, KPS, RSS, and ROD. In the second, a mutation in rho deters the acquisition of mutations in rpoBC and favors selection for mutations in cls and iclR. There is no difference in average fitness between clones that traversed the different pathways (t test; P = 0.96), but the two trajectories suggest physiological interactions that have yet to be deciphered functionally. Moreover, these pathways suggest dynamic interactions between Table 1 , except RNApol, which was split to emphasize unique patterns of accumulation. Each circle represents an instance of a mutation in the units on both the y and x axes; the size of the circle represents the number of lines sharing both mutations. Most diagonal units had no more than one mutation in a line, and so have no corresponding circles (e.g., YBAL). (B) Both D′ (top left) and the correlation coefficient, r (bottom right), measure associations between mutations. The color of the boxes corresponds to the scale, with hot colors representing positive associations and cooler colors negative associations. The broken yellow lines encompass two alternative evolutionary strategies.
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on January 27, 2012 www.sciencemag.org a single beneficial mutation and entire "blocks" of potential beneficial mutations. In this model, one mutation affects its own block, so that potentially beneficial mutations usually become neutral or deleterious, and also opens new blocks to selection, which affects the amplitude and sign of mutational effects within the new block.
